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ABSTRACT
In the adult mouse tongue, an average of 11% of the gustatory receptor cells are replaced
each day. In investigating homeostatic cell death mechanisms in gustatory renewing epithe-
lium, we observed that taste receptor cells were selectively immunopositive for the bcl-2
family death factor, Bax, and for the protease Caspase-2Nedd2/Ich1. We determined that
8–10% of the taste receptor cells of the vallate papilla were Bax positive and that 11% were
Caspase-2 positive. Some of these immunopositive taste cells had apoptotic morphological
defects. Within the subset of vallate taste cells immunopositive for either Caspase-2 or Bax,
up to 79% coexpressed both death factors. Bax and Caspase-2 first appeared in occasional
vallate taste receptor cells on the same postnatal day—the day after birth. bax null mutation
markedly reduced gustatory Caspase-2 immunoexpression. These observations suggest that
taste cell death pathways utilize p53, Bax, and Caspase-2 to dispose of aged receptor cells.
Apart from reducing Caspase-2 expression, Bax deficiency also altered taste organ develop-
ment. bax2/2 mice had a more profusely innervated vallate papilla, which grew to be 25%
longer and taller, with the mean taste bud containing more than twice the normal number of
taste cells. This augmentation of taste organ development with increased innervation is
complementary to the well-documented reduction in taste organ development with sparse
innervation. We propose that additional taste neurons survived programmed cell death in
Bax-deficient mice, thereby providing an inductive boost to vallate gustatory development. J.
Comp. Neurol. 424:640–650, 2000. © 2000 Wiley-Liss, Inc.
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Cell death is an important feature of organ development
and tissue homeostasis. In renewing epithelia, new cells
serve to replace old cells that have completed their lives
(Ellis et al., 1991; McCall and Cohen, 1991; Haake and
Polakowska, 1993; Polakowska et al., 1994; Tamada et al.,
1994). Because taste buds are discrete packets of identifi-
able cells, their turnover presents an opportunity to inves-
tigate a discrete death pathway in a renewing epithelium
in vivo. The turnover of mammalian taste receptor cells
may engage one or more death and survival factors from
the bcl-2 family that includes such survival genes as bcl-2
and bcl-xL (Boise et al., 1993; Reed, 1997; Adams and
Corey, 1998), and death-promoting genes like bak and bax
(Nuñez and Clarke, 1994; Chittenden et al., 1995; Kiefer
et al., 1995). In selected apoptotic pathways, the bax gene
is a probable target of the tumor suppressor protein p53,
which kills cells that are crippled by irreparably damaged
DNA (Farmer et al., 1992; Miyashita et al., 1994; Selva-
kumaran et al., 1994; Yin et al., 1997; Miyashita and
Reed, 1995). p53 also promotes cell death as part of the
homeostatic turnover of postmitotic cells (Zeng and Oak-
ley, 1999).
It is probable that Bax functions by perforating mito-
chondrial membranes to cause the release of procaspases
into the cytoplasm, where they are activated (Susin et al.,
1999). The presence of Bax in dying taste cells (Zeng and
Oakley, 1999) suggested that an examination of bax null
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mutant mice (Krajewski et al., 1994) might help identify a
downstream caspase.
Caspases are a family of at least 14 cysteine proteases
that are mammalian relatives of the Caenorhabditis el-
egans death executor Ced-3 (Thornberry and Lazebnik,
1998). In the degradation phase of programmed cell death
(PCD) all cells employ caspases (Li and Yuan, 1999; Weil
et al., 1999). Caspases degrade nuclear lamins, cytokera-
tins, and other proteins within dying cells (Kaufman et al.,
1993; Neamati et al., 1994; Lazebnik et al., 1995; Caulin et
al., 1997). The caspase of interest in the present report,
Caspase-2Nedd2/Ich1, is strongly expressed during the em-
bryonic period of maximal cell death in mouse liver, lung,
kidney, small intestine, vibrissae follicles, and brain pre-
cursor cells—the source for Caspase-2’s original isolation
(Kumar et al., 1992, 1994). Functional Caspase-2 is re-
quired for the death of sympathetic neurons deprived of
growth factor (Troy et al., 1997).
The neuron-like properties of adult taste cells raise the
possibility that aged taste cells may die like neurons.
However, most neurons arise from neuroectoderm and
become permanent body constituents, whereas taste cells
originate from local epithelium and undergo continual
replacement, dying after an average life span of about 9
days in rat and mouse (Beidler and Smallman, 1965;
Takeda, 1979; Farbman, 1980; Stone et al., 1995; Takeda
et al., 1996). A recent examination of taste cell death
pathways suggests that aged taste cells die apoptotically
since they display morphologic apoptotic features such as
marginated and condensed nuclear chromatin (pyknosis),
shrunken cytoplasm, and membrane blebs (Zeng and Oak-
ley, 1999). Furthermore, 8% of taste cells have fragmented
DNA, and 8–10% characteristically coexpress p53 and
Bax, while not uncommonly also displaying membrane
blebs.
By exploiting taste buds as quantifiable clusters of post-
mitotic, simple epithelial cells, the first objective of the
present research was to find evidence for the involvement
of a bax-dependent caspase in taste cell turnover. Atten-
tion was focused on the vallate papilla, a small mound
located on the dorsal surface of the posterior third of the
mouse tongue. In the vallate papilla we observed that Bax
and Caspase-2 were exclusively localized to a subset of
taste cells in which they were characteristically coex-
pressed. The additional finding that Caspase-2 expression
depends on bax makes Caspase-2 a probable downstream
effector of Bax in the apoptotic pathway for vallate taste
receptor cells.
The second objective of the present research was to
examine gustatory development in the presence of in-
creased innervation. It was known from neonatal dener-
vation of the developing vallate epithelium in rats that
taste bud development requires innervation (Hosley et al.,
1987a,b). More recent evidence for the neural control of
taste organ development has emerged from the associa-
tion of sparse gustatory innervation with fewer taste buds
and stunted gustatory papillae in trkB and brain-derived
neurotrophic factor (BDNF) null mutant mice (Zhang et
al., 1997)—observations soon confirmed by multiple stud-
ies (Nosrat et al., 1997; Fritzsch et al, 1997; Oakley et al.,
1998; Cooper and Oakley, 1998; Liebl et al., 1999; Mis-
tretta et al., 1999).
The strong positive correlations between innervation
density and taste bud abundance (r 5 0.96) and between
innervation density and the area of the gustatory epithe-
lium (r 5 0.94) support the neural induction theory of
taste organ development (Oakley et al., 1998). The nerve
dependence of taste bud development is also evident when
embryonic gustatory innervation is impaired either by
injecting a neurotoxin (Morris-Wiman et al., 1999) or by
exploiting ectopically expressed BDNF to intercept devel-
oping gustatory axons before they reach the tongue sur-
face (Ringstedt et al., 1999). Each of these several studies
of taste bud development represents a loss-of-function
strategy.
The present study represents a gain-of-function strat-
egy that exploits the increased gustatory innervation in
bax null mutant mice. It had already been observed that
several other types of sensory neurons were more abun-
dant in bax2/2 mice, probably because sensory neurons
had been spared programmed cell death (PCD) (Deck-
werth et al., 1996; Shindler et al., 1997; White et al., 1998).
Consequently, we hypothesized that bax null mutation
would result in increased gustatory innervation and a
corresponding enhancement of vallate gustatory develop-
ment. We demonstrate herein that the heavily innervated
bax2/2vallate gustatory papilla was larger, and its taste
buds contained more than twice as many taste receptor
cells as wild-type controls. The most probable explanation
is a gain-of-function in which increased gustatory inner-
vation enhanced peripheral gustatory development.
MATERIALS AND METHODS
Animals and tissue preparation
Two embryonic (E15 and E17), 12 postnatal (P0–P7),
and 9 adult C57BL/6J mice were used as wild-type con-
trols. The day of birth was considered postnatal day 0
(P0 5 E19). Wild-type embryos and neonates were eutha-
nized with carbon dioxide. Tongues from P1 bax null mu-
tant mice (bax2/2, n 5 4) and P1 bax heterozygous mice
(bax2/2, n 5 4) were provided by E. Johnson and S.
Korsmeyer. Adult wild-type mice, bax2/2 mice aged 6
months and 8 months (n52 and n52, respectively), and
bax2/2 mice aged 8 and 10 months (n 5 2 and n 5 1,
respectively), were anesthetized with sodium pentobarbi-
tal (50 mg/kg body weight i.p.). The mice were perfused
with heparinized Ringer’s solution followed by acid-
alcohol fixative (70% ethanol, 10% acetic acid). All excised
tongues were postfixed in the acid-alcohol solution for at
least 12 hours. The adult bax2/2 and bax1/2 mice were a
gift of S. Korsmeyer (Knudson et al., 1995).
On the midline of the posterior third of the mouse
tongue is a solitary vallate papilla enclosed by two rostro-
caudally directed, shallow trenches whose walls at P7
contain more than 100 taste buds that increase in number
to an asymptote of more than 120 buds by 3–4 weeks
(Cooper and Oakley, 1998). In determining the effects of
bax deficiency on taste bud size, the use of a matching-by-
bracketing design made it possible to determine whether
adult taste bud size also changed with age. Specifically,
three wild-type mice aged 7 months were bracketed by two
bax2/2 mice aged 6 months and two bax2/2 mice aged 8
months, yielding a bax2/2 group mean of 7 months. Data
from a 4-month old wild-type mouse were included to
extend the age range. The finding of gustatory organ en-
hancement in bax2/2 mice prompted an examination of
the three bax1/2 mice (by then at 8, 8, and 10 months).
Cryostat cross sections of the vallate papilla, made at a
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thickness of 10 mm, were immunostained as described below.
The University of Michigan Committee on the Use and Care
of Animals approved the animal research protocol.
Immunocytochemistry
Mounted tongue sections were rehydrated, treated with
3% normal goat serum for 30 minutes, followed by 0.3%
hydrogen peroxide for 4 minutes, and incubated with the
primary antibody for 1 hour at room temperature. A 45-
minute application of the biotinylated secondary antibody
was followed by 30 minutes of treatment with the ABC
avidin-biotin complex (PK-4000; Vector, Burlingame, CA)
and 10 minutes with 3,39-diaminobenzidine tetrahydro-
chloride (DAB; Sigma, St. Louis, MO). Three or four rinses
with phosphate-buffered saline (PBS), pH 7.4 separated
each of these steps. Taste receptor cells were identified by
staining for keratin 8, one of five simple keratins that are
useful markers for taste receptor (intragemmal) cells
(Knapp et al., 1995). To count intragemmal cell nuclei,
slides were stained for 10 minutes with 1 mM bisbenz-
amide (Hoechst 33258; Sigma) and coverslipped with DPX
(BDH, Poole, UK).
The antibodies used were as follows: Anti-keratin 8:
1:100–1:1400 dilutions of rat monoclonal antibody
Troma-I (Hybridoma Bank, University of Iowa). Second-
ary antibody: 1:1500 biotinylated-sp-conjugated goat anti-
rat IgG (Jackson Immunoresearch, West Grove, PA). Anti-
bax: 1:100 anti-mouse Bax (rat IgM mAb; PharMingen,
SanDiego, CA; Clone G206-1276). Secondary antibody:
1:100 biotinylated goat anti-rat IgM (Jackson Immunore-
search). Anti-Nedd2: 1:100 anti-mouse Nedd2 (Caspase-
2); rabbit polyclonal (SC-626; Santa Cruz Biotechnology,
Santa Cruz, CA). Secondary antibody: 1:200 biotinylated
goat anti-rabbit IgG (SC-2015; Santa Cruz). (Exposing the
tissue sections to 1% trypsin for 5 minutes improved the
Caspase-2 staining.) Anti-BrdU: 1:5 rat anti-5-bromo-29
deoxyuridine (Accurate Chemical and Scientific, West-
bury, NY). Secondary antibody: 1:1500 biotinylated goat
anti-rat IgG (Jackson Immunoresearch). RMO-270: 1:200
anti-neurofilament (gift of V. Lee, University of Pennsyl-
vania School of Medicine). Secondary antibody: 1:200–500
biotinylated goat anti-rat IgG (Jackson Immunoresearch).
Fluorescent double labeling for intragemmal
cell Bax and Caspase-2 (Nedd2)
Slides with tongue sections underwent sequential incu-
bations for 1 hour with 1:100 anti-mouse Bax, 45 minutes
with 1:100 biotinylated goat anti-rat IgM secondary anti-
body, 30 minutes with 1.5 mg/ml streptavidin-Texas Red
(GIBCO BRL, Gaithersburg, MD), 60 minutes with 1:100
anti-mouse Nedd2, and 60 minutes with 1:100 fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit second-
ary antibody. Three PBS rinses were interspersed be-
tween each of these steps. Bax-positive cells were red, and
Nedd2-positive cells were green. Omission of either the
primary or secondary antibody eliminated this specific
staining.
Fluorescent double labeling for keratin 8
and nuclei to count intragemmal cell
nuclear profiles
The keratin 8 of intragemmal cells was revealed by
staining with 1:100 Troma-I followed by 1:1500 biotinyl-
ated goat anti-rat secondary antibody and 1:100
streptavidin-Texas Red. Ten minutes in 1 mM bisbenz-
amide colored the nuclei blue when visualized with optics
suitable for fluorescence.
Double labeling for keratin 8 and BrdU to
compare the rate at which taste cells were
added to wild-type and bax
2/2
taste buds
At 9 a.m., intraperitoneal injections of BrdU (Sigma) at
50 mg/kg body weight were given to four mice (two wild-
type aged 7 months, one bax2/2 mouse aged 6 months,
and one bax2/2 mouse aged 8 months). Three days after
BrdU injection, the mice were euthanized at 9 a.m. and
the tongues treated as described above. Ten-micrometer-
thick, mounted tongue sections were subjected to four
4-minute washes in PBS/TX-100 and DNA denaturation
by 2 N HCl for 30 minutes, followed by three 10-minute
washes in PBS/TX-100. A 60-minute incubation with 1:5
anti-BrdU was followed by exposure to the secondary an-
tibody, 1:1500 biotinylated goat anti-rat. After three
4-minute washes in PBS, the slides were treated with a
30-minute application of the ABC avidin-biotin complex
and exposed to DAB/nickel chloride for 10 minutes. To
visualize the intragemmal cells, 1:1400 Troma-I was ap-
plied followed by 1:1500 of the biotinylated goat anti-rat
secondary antibody, the ABC avidin-biotin complex, and
DAB. Three rinses with PBS occurred between each of
these steps. BrdU-positive nuclei were dark blue, and the
keratin 8-positive intragemmal cells were yellow-brown.
Sucrose preference assay
Pairs of adult wild-type mice and bax2/2 mice were
given continuous access to a bottle of sucrose and a bottle
of distilled water (two-bottle preference test). Every 24
hours the solutions were interchanged in position, and
every 48 hours the next stronger sucrose solution was
substituted (0.03, 0.1, and lastly 0.3 M sucrose; each vs.
distilled water). The sucrose preference threshold was
defined as the lowest sucrose concentration to comprise
75% of the total fluid intake.
Data analysis
A taste bud with the modal diameter of 35–40 mm can
be spanned by four 10-mm-thick sections. Each of the
larger sections through a taste bud was defined as a taste
bud profile. Within each taste bud profile Bax-positive or
Caspase-2-positive taste cells were tabulated by counting
each immunoreactive cell apex or cell base, provided it
also included a nuclear profile. Isolated immunopositive
apical or basal cell fragments were not counted. No cor-
rection was made for “split” cells or nuclei.
Vallate taste bud profiles contained a total of 27 6 4
taste cells (mean 6 1 SD; Zeng and Oakley, 1999). The use
of a constant factor, in this instance 27 cells per profile,
enabled comparison of the relative incidence of Bax-
positive and Caspase-2-positive intragemmal cells in the
taste bud profiles of wild-type mice.
To quantify the relative increase of intragemmal cells in
bax2/2 mice, we used bisbenzamide-stained 10-mm-thick
sections in which counts of nuclear profiles were made
from taste buds sectioned longitudinally, parallel to the
major diameter of the elliptical nuclei. Had there been a
marked increase in the minor nuclear diameter (nuclear
thickness within the depth of the tissue section), it could
have spuriously increased the counts of bax-deficient nuclear
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profiles. However, bax2/2 mice had no significant increase
in the minor nuclear diameter. The mean minor diameter 6
1 SD was 4.0 6 0.8 mm for wild-type and 4.2 6 1.1 mm for
bax2/2 mice; n 5 30 nuclei each in two wild-type mice aged
7 months, and 30 nuclei each in one bax2/2 mouse aged 6
and one bax2/2 mouse aged 8 months.
For ease of communication, the terms “cell profiles” or
“nuclear profiles” are sometimes abbreviated to “cells” or
“nuclei,” respectively.
Adobe PhotoShop was used to merge, normalize image
density, and place labels on the panels in Figures 1–3.
RESULTS
Bax and Caspase-2 immunoreactivity in
adult and perinatal tongue
In adult mouse tongue, keratin 8 was present only
within cells of salivary ducts and within most, probably
all, cells within taste buds. Figure 3A,C provides morpho-
logical overviews of the wild-type vallate papilla and its
keratin-8-positive taste buds. Bax was restricted to a few
elongated (intragemmal) taste cells (Fig. 1A). Bax was
present in the cytoplasm of 10% of the adult vallate in-
tragemmal cells (Zeng and Oakley, 1999). The absence of
Bax staining in the vallate of bax2/2 mice established the
specificity of the Bax antibody (Fig. 1B).
Undetected in adult squamous epithelium or in salivary
glands and ducts, Caspase-2 immunoreactivity was lim-
ited to the region of taste buds, where it was present in
11% of adult intragemmal cells (Fig. 1C,D, Table 1). Most
Caspase-2-positive taste cells looked normal, but some
had apoptotic morphology such as cytoplasmic condensa-
tion or membrane blebbing (Fig. 1E).
At E15 and at E17 there were no Bax-positive cells in
the serially sectioned vallate papilla. Nor were there Bax-
positive, p53-positive, or Caspase-2-positive cells in the
Fig. 1. A: Only a few taste cells were immunopositive for Bax in
adult wild-type vallate taste buds. B: In Bax-deficient tissue there
was no staining of taste cells with anti-Bax. C: As with Bax,
Caspase-2 in the tongue was detected only in subsets of taste cells.
D: Caspase-2 was in the cytoplasm of intragemmal cells that (E) were
sometimes compacted and deformed (arrow). F: In Bax-deficient taste
buds, Caspase-2 staining was markedly reduced (arrows). G: This P1
vallate contained one Bax-positive cell, whereas an adjacent section
(H) contained a different elongated Caspase-2-positive cell. Scale
bar 5 50 mm in A,C; 80 mm in B; 21 mm in D,E; 55 mm in F; 52 mm in
G,H.
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vallate papilla at P0 when the vallate contains numerous
immature taste cells and a mean of 18 taste buds having
keratin 8-positive taste cells (present results; Cooper and
Oakley, 1998; Zeng and Oakley, 1999). In day-by-day ex-
aminations from P0 to P7, vallate taste cells positive for
Bax or Caspase-2 were first evident on P1 (Fig. 1G,H). In
P1–P7 mice, the Caspase-2-positive intragemmal cells
were elongated; in contrast, the basal cells were polygonal
and Caspase-2 negative. Within the subset of vallate taste
cells immunopositive for either Caspase-2 or Bax, 79%
coexpressed both death factors at P7. Bax/Caspase-2 co-
expression diminished to 64% in adults (Fig. 2A, Table 2).
Caspase-2 expression in bax null
mutant mice
Bax-deficient vallate taste buds were examined in P1
and adult mice. In adults the absence of Bax substantially
reduced, but did not wholly eliminate, Caspase-2 immu-
noreactivity (Fig. 1F). P1 bax2/2, bax1/2, or wild-type
mice had 13–16 vallate taste buds that were examined for
Caspase-2 expression with complete serial sections of the
vallate. At P1 Caspase-2 was expressed in a total of six
taste cells in a wild-type mouse, four taste cells in a
bax1/2 mouse, and one taste cell in a bax2/2mouse.
Hence, in adults, and probably in P1 mice, inactivation of
the bax gene reduced Caspase-2 expression.
Taste cell abundance and the sizes of taste
buds and taste cells
In adult bax2/2and bax1/2 mice, the vallate taste buds
were larger than those of wild-type controls. The two taste
bud profiles indicated by arrows in Figure 3C and D had
areas within 1% of the mean areas of wild-type and
bax2/2 taste bud profiles, respectively. It was helpful to
use keratin 8 staining to establish the lateral margins of
each taste bud profile, both to outline the area of the taste
bud profiles and to restrict counts of bisbenzamide-stained
nuclear profiles to intragemmal cells (Fig. 2B,C). Figure 4
shows the mean areas of taste bud profiles for individual
mice of the three genotypes. The mean taste bud profile
area in bax knockout mice was markedly greater than in
wild-type mice (P , 0.001, t-test). A follow-up on this
finding revealed that heterozygous mice had a mean val-
late taste bud profile significantly larger than in wild-type
mice (P , 0.05, one-tailed t-test) and smaller than in
knockout mice (P , 0.001, one-tailed t-test). Trends with
age were small and inconsistent across genotype (Fig. 4).
With genotype ignored, age alone accounted for less than
0.2% of the variance of the taste bud profile areas among
these 10 mice.
The number of nuclear profiles per mean bax2/2 taste
bud profile increased 1.7-fold. Assuming taste buds are
approximately spherical, a 1.7-fold increase in mean cells
per taste bud profile converts mathematically to a 2.5-fold
increase in the number of cells contained within a bax2/2
Fig. 2. A: This section through a P5 vallate papilla shows an
intragemmal cell double labeled (gold) for Bax (red inset) and
Caspase-2 (green inset). B,C: Double staining for intragemmal cell
keratin 8 (red) and for nuclei (blue) permitted counts of adult vallate
intragemmal nuclear profiles. Representative taste bud profiles of (B)
a wild-type and (C) a bax2/2 mouse are shown. The trench wall is at
the upper right. Scale bar 5 22 mm in A; 26 mm in insets; 30 mm in
B,C.
TABLE 1. Caspase-2 Immunoreactive Taste Bud Cells1
Parameter Value
No. of taste bud profiles examined 304
Total no. of Caspase-2-immunoreactive cells (range 892
of Caspase-2-immunoreactive cells/taste bud profile) (0–5)
Calculated no. of intragemmal cells in 304 taste bud profiles 8,208
Percentage of 8,208 intragemmal cells that were Caspase-2
immunoreactive (n 5 4 mice)
11 6 0.8
1Taste bud profiles of four adult wild-type mice aged 12–20 weeks were examined for
Caspase-2-immunoreactive vallate taste cells. We counted each immunoreactive cell
apex or base that also included a nuclear profile. [A vallate taste bud profile contains a
mean of 27 intragemmal cells, as determined from counts of nuclear profiles in
bisbenzamide-stained serial sections of a separate sample of 40 wild-type vallate taste
buds (Zeng and Oakley, 1999).]
TABLE 2. Coexpression of Bax and Caspase-2 in Taste Bud Cells1





cells as % of the sum of all
immunostained taste cells
P7 wild-type
Bax only 5 8
Caspase-2 only 9 14
Bax and Caspase-2 52 79
Sum 66 100
Adult wild-type
Bax only 26 14
Caspase-2 only 42 22
Bax and Caspase-2 120 64
Sum 188 100
1The incidence of vallate intragemmal cell profiles immunoreactive for Bax, for
Caspase-2, and for both. Immunoreactive taste cell profiles were counted within 51
taste bud profiles of two adult mouse vallate papillae ('44 taste buds) and within the
entire serially sectioned vallate papillae of two P7 mice ('108 taste buds per vallate;
Cooper and Oakley, 1998).
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Fig. 3. A: A low-power photomicrograph of representative cross-
sections of a 7-month wild-type vallate shows that both vallate
trenches are lined with gustatory epithelium that contains keratin
8-positive taste buds. Arrowheads indicate immunopositive salivary
duct cells. An asterisk marks the core of the vallate papilla. B: A
bax2/2 mouse has a larger than normal vallate papilla (aged 6
months). Arrowheads indicate keratin 8-positive salivary duct cells.
C: Higher magnification of the right trench of the wild-type vallate in
A. D: bax2/2 taste buds are larger. Arrows in C and D point to
individual taste bud profiles, each of whose area is within 1% of the
mean area of taste bud profiles from a 7-month wild-type and a
6-month bax2/2 vallate, respectively. E,F: In these vallate cross sec-
tions, dorsal is at the top, whereas the evenly stained gustatory
epithelium is the gray margin on both the left and right sides of each
panel. E: For spatial orientation an asterisk has been placed in the
position equivalent to the location of the asterisk in panel A. The
large, dark IXth nerve fascicle in the lower right is directed dorsally
toward the center of the vallate connective tissue core of a 7-month
wild-type mouse. A sliver of the left trench is evident as a white area
at the far left. Both the primary (RMO-270) and secondary antibodies
were at 1:200. F: In this comparable section through the core of a
6-month bax2/2 mouse vallate papilla, the IXth nerve fascicles are
more abundant, invading the lateral aspects (arrows) as they extend
dorsally. RMO-270, 1:200; secondary antibody, 1:500. G,H: BrdU
staining labeled two nuclei in a (G) wild-type taste bud and (H) two
nuclei in a bax2/2 taste bud 3 days after BrdU injection. Scale bar 5
180 mm in A,B; 55 mm in C,D; 80 mm in E,F; 10 mm in G; 14 mm in H.
taste bud of mean volume. As indicated by their normal
density (number of nuclear profiles per 1,000 mm2 of a
taste bud profile), Bax-deficient taste buds were probably
larger because they contained more, not bigger, intragem-
mal cells (Table 3).
Gustatory innervation and vallate size in
bax null mutant mice
As determined in bdnf, nt3, and trkB null mutant mice,
the base of the vallate is a conduit for numerous BDNF-
dependent taste axons and NT3-dependent somatosensory
axons (Nosrat et al., 1997; Zhang et al., 1997; Cooper and
Oakley, 1998; Oakley, 1998; Oakley et al., 1998; Ringstedt
et al., 1999). The survival of significantly more taste neu-
rons in bax2/2 mice seems to have led to more profuse
gustatory innervation of the vallate papilla. In bax2/2
mice, fascicles of the IXth nerve were more abundant and
dispersed across more of the core of the vallate papilla in
comparison with wild-type mice (Fig. 3E,F).
The 0.5-mm-wide mouse vallate papilla proper is
framed by two trenches that are bracket shaped and ros-
trocaudally directed. Each trench is about 0.5 mm long
and 0.5 mm deep. bax2/2 mice had longer and deeper
trenches and therefore a larger vallate papilla (Figs. 3A,B,
5). Specifically, the vallate papilla was 26% longer in the
four adult bax2/2mice (585 6 24 mm; mean 6 1 SD)
compared with three 7-month wild-type mice (465 6 34
mm; P , 0.002, t-test). The peak height of the vallate was
significantly greater in the bax1/2 mice (499 6 27 mm)
than in the wild-type mice (390 6 57 mm; P , 0.02, t-test).
(For each mouse the peak height of the vallate papilla was
calculated as the mean papilla height in the three sections
that passed through the tallest portions of the vallate.)
Compared with three P1 wild-type controls, the vallate
papilla of three P1 bax2/2 mice was also about 25% wider,
and its taste buds appeared to be larger and to contain
more taste receptor cells.
Taste receptor cell density and birth rate in
adult bax null mutant mice
Because Bax-deficient taste buds had a normal density
of intragemmal cells, the size of their taste cells must have
remained normal. Since newly formed taste cells can enter
the adult mouse taste bud as soon as 1 day after cell birth
(Zhang et al., 1995; Zeng and Oakley, 1999), it was antic-
ipated that both bax2/2 and wild-type adult taste buds
might have one or more BrdU-positive intragemmal cells
3 days after BrdU injection (Fig. 3G,H). Since bax2/2
taste buds were larger, they received more newborn taste
cells (BrdU-positive nuclear profiles). When the incidence
of BrdU-positive taste cells was normalized for the area of
the taste bud profiles, the prevalence of BrdU-labeled
nuclear profiles was indistinguishable between adult wild-
type and bax2/2 mice (Table 3). In summary, although the
intragemmal cells of bax2/2 taste buds were more numer-
ous, they were normal in size and packing density and
were replaced at normal birth rates.
Fig. 4. For each of 10 mice the areas of taste bud profiles (mean 6
1 SE) are shown as a function of age for wild-type, bax knockout, and
bax heterozygous animals. The mean areas of taste bud profiles differ
significantly with genotype (See results for statistical details.) In
contrast, the regression lines for each genotype indicate no strong or
consistent relationship with age. With genotype ignored, the mean
areas of taste bud profiles were uncorrelated with age in the 10 mice
(r 5 0.04, regression line not shown).
TABLE 3. Quantitative Effects of Bax Deficiency
on Taste Cell Populations1
Wild-type bax2/2
Mean number of nuclear profiles
Per taste bud profile 17.44 6 0.5 29.3 6 0.9*
Per 1,000 mm2 of taste bud profile 18.37 18.44
(Taste bud profiles examined) (61) (96)
Ages of mice (months) 7, 7, 7 6, 6, 8, 8
Mean number of BrdU-positive
nuclear profiles
Per taste bud profile 1.25 6 0.2 1.99 6 0.2*
Per 1,000 mm2 of taste bud profile 1.12 1.08
(Taste bud profiles examined) (48) (89)
Ages of mice (months) 7, 7 6, 8
Percentage of intragemmal cell nuclei 6.1 5.9
that were BrdU positive (1.12 4 18.37) (1.08 4 18.44)
1Values are means 6 1 SE or means normalized for taste bud profile area.
*P , 0.001, t-test.
Fig. 5. The vallate papilla was rostrocaudally longer (x axis) and
higher (y axis) in the four bax null mutant mice than in the three
7-month-old wild-type mice. Each data point is the height of the vallate
papilla as obtained from serial cross sections of the tongue taken at
10-mm intervals. The fourth-order best-fit polynomial curves map out the
shape of the vallate papilla as it would be seen in a lateral view.
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Behavioral gustatory reactivity
bax2/2 mice displayed a fourfold increase in the sucrose
preference threshold (0.19 M for bax2/2 mice vs. 0.05 M
for wild-type mice; n 5 4 adult mice of similar weight).
This raises the possibility that the supernumerary taste
axons and taste cells had abnormal connections or were
debilitated, as suggested for other types of neurons in
bax2/2 mice (White et al., 1998). Further gustatory be-
havioral testing is warranted.
DISCUSSION
The gustatory phenotype of bax null mutant mice had
several noteworthy features. An increase in vallate papilla
innervation was accompanied by a 25% increase in vallate
papilla length and height as well as an increase of more
than twofold in the mean number of cells per taste bud.
The 1.3-fold increase in cells per taste bud profile in
bax1/2 mice suggests a gene dosage effect. The Caspase-2
immunoreactivity of bax2/2 taste receptor cells was se-
verely attenuated. Consideration of these gustatory
changes in bax2/2 mice within the context of the coex-
pression of Bax and Caspase-2 in aged wild-type taste
cells suggested two topics for the discussion that follows:
taste cell death components and the enhancement of taste
organ development.
Components of the death pathway in taste
cell homeostasis
Taste cells have a death pathway that differs from
keratinocytes. By extruding its nucleus and subse-
quently shedding its cellular husk, a keratinocyte’s death
differs from conventional apoptosis that employs nuclear
fragmentation, phagocytosis of cell debris, and other
events common to most programmed cell death, including
the death of taste cells (Takeda et al., 1996; Gandarillas et
al., 1999). There is scant evidence for p53 or Bax involve-
ment in normal keratinocyte death (cf. Spandau, 1994).
Furthermore, it remains to be determined whether
Caspase-2 is important in keratinocyte death (Takahashi
et al., 1998; Weil et al., 1999). The caspases that degrade
the cytokeratins special to taste cells may differ from
caspases that degrade the wholly different set of cytoker-
atins in neighboring squamous, epithelial cells (Knapp et
al., 1995; Zhang and Oakley, 1996; Caulin et al., 1997).
For these reasons, one anticipates that taste cells and
keratinocytes will be shown to use different death path-
ways.
Dying neurons may have more steps in common with
dying taste cells. Since neurons and taste receptor cells
share several vital properties, their death pathways might
also overlap. Apoptotic, mature taste cells coexpress p53,
(Zeng and Oakley, 1999), Bax, and Caspase-2. Developing
neurons use Bax as a death factor in PCD (White et al.,
1998). Apoptosis of NGF-deprived sympathetic neurons
requires both Bax and Caspase-2 (Deckwerth et al., 1996;
Troy et al., 1997). p53 appears to participate in the apo-
ptosis of some neurons and oligodendrocytes (Eizenburg et
al., 1996; Aloyz et al., 1998). However, p53 in the brain is
mainly associated with dividing and differentiating neu-
rons that do not overlap those expressing Bax (van Look-
eren Campagne and Gill, 1998). Each of the following
neuronal genes can be upregulated by cerebral ischemia:
p53 (Li et al., 1994), bax (Krajewski et al., 1995), and
caspase-2 (Asahi et al., 1997; Kinoshita et al., 1997; Kita-
gawa et al., 1998). As these examples indicate, some
among the many types of neurons can express at least one
or two of these three death factors. However, it has not
been shown that the triad p53, Bax, and Caspase-2 is
evoked during any individual brain neuron’s death as it is
in taste receptor cells.
The linkage of Bax to Caspase-2 and a putative taste
cell death pathway. The present search for a taste cell-
associated caspase was prompted by four indications that
p53 and bax are part of an apoptotic pathway of mouse
taste receptor cells. Lingual p53 and Bax were 1) re-
stricted to intragemmal cells; 2) each first detected at P1;
3) coexpressed in 81% of P5 immunoreactive vallate taste
cells; and 4) associated with cell death by the apoptotic
morphology of some immunopositive receptor cells (Zeng
and Oakley, 1999).
Caspase-2 is implicated in taste cell death by its bax-
dependent coexpression and by the apoptotic morphologi-
cal defects of some Caspase-2 immunopositive taste cells.
The substantial loss of gustatory Caspase-2 expression in
bax null mutant mice places Caspase-2 after Bax in the
gustatory death pathway. p53 can function as a transcrip-
tion factor for Bax in human cells (Miyashita and Reed,
1995; Aloyz et al., 1998), although p53 appears not to
regulate Bax in some kinds of murine cells (Schmidt et al.,
1999), nor is p53 required for Bax expression in vallate
taste receptor cells (Zeng and Oakley, 1999). Nonetheless,
the close association of p53 with Bax and Caspase-2 ex-
pression is consistent with a role for p53 as a homeostatic
death factor that contributes to the demise of aged taste
cells.
Modeling the time course and duration of a triad of
taste cell death factors. Because neonatal vallate taste
receptor cells are in the process of differentiating (Hosley
and Oakley, 1987; Cooper and Oakley, 1998), few of their
intragemmal cells are as old as 9 days—the mean taste
cell life span. This could explain why less than 1% of the
taste cells were Bax or p53 positive at P5 and at P7 (Zeng
and Oakley, 1999). Since taste cell turnover in neonates
had not yet reached a steady state, we could not estimate
the duration of Bax expression from the percentage of
Bax-positive cells. Instead, the durations of death factors
at P7 were scaled by assuming that Bax expression would
last as long as it did in adults (22.5 hours). The p53, Bax,
and Caspase-2 gustatory temporal expression patterns in
adults were similar to those in P7 mice, except that p53
and Caspase-2 were typically contemporaneously ex-
pressed in P7 taste cells whereas p53 began about 15
hours earlier in adults (Fig. 6). The adult difference in the
timing of p53 and Bax expression and the failure of p53
null mutation to eliminate bax expression (Zeng and Oak-
ley, 1999) suggest that any p53 upregulation of gustatory
bax is redundant, or indirect, or only effective after accu-
mulating a high concentration of p53, thereby delaying
Bax expression.
p53, Bax, and Caspase-2 were associated with dying
taste cells since 1) there was a higher incidence of apopto-
tic morphological defects in immunopositive cells; 2) the
percentages of taste cells immunopositive for these factors
(9–11%) were similar to the 8% of taste cells positive for
terminal deoxy nucleotidyl transferase-mediated dUTP
biotin nick end labeling (TUNEL; Zeng and Oakley, 1999);
and 3) at P7 the pronounced coexpression of Bax with p53,
and Bax with Caspase-2, indicates that all three factors
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were characteristically expressed in the same cells. Cell
death was mainly restricted to older cells, given that Bax
immunostaining in adults was absent from taste receptor
cells younger than 5 days (Zeng and Oakley, 1999). Fur-
thermore, at P7, when old taste receptor cells were still
uncommon, less than 1% of taste cells were immunoposi-
tive for p53 or Bbax (Zeng and Oakley, 1999).
Gain-of-function: the addition of taste
neurons is associated with taste organ
enhancement
Vallate population dynamics. When BrdU-positive
cells were normalized as a percentage of all cells per taste
bud profile, it was evident that bax2/2 and wild-type
adult taste buds had equivalent rates of taste cell birth.
These birth rates must have been in balance with death
rates, since, in adults, the mean size of wild-type and
bax2/2 taste buds remained stable for months. Hence, it
is probable that taste cell birth rate, death rate, and
longevity were similar in adult bax2/2 and wild-type taste
buds. Characteristic of healthy, renewing epithelia, such a
homeostatic balance between taste cell births and deaths
in adults points to an earlier developmental and matura-
tional period as the time when the taste cell population
markedly increased before reaching stability in adulthood.
Already by P1, bax2/2mice had developed a larger vallate
papilla whose taste buds appeared to be enlarged with
more taste receptor cells.
A probable role for increased innervation in aug-
menting vallate size and taste cell abundance. By
sparing sensory neurons from normal developmental
PCD, Bax deficiency appears to have increased the num-
ber of IXth nerve gustatory axons, much as Bax deficiency
increased the number of Vth nerve somatosensory neu-
rons and VIIIth nerve vestibular neurons (Deckwerth et
al., 1996; Shindler et al., 1997; White et al., 1998). The
increase in gustatory neurons within the Bax-deficient
vallate resembles a similar increase in the Bax-deficient
retina whose ganglion cell neurons doubled. However, be-
cause photoreceptor development is independent of inner-
vation, the numbers of rod and cone receptor cells did not
increase (Mosinger et al., 1998). In contrast, bax2/2 taste
receptor cells increased more than twofold, above and
beyond the previously demonstrated normal neonatal ad-
dition of taste cells (Hosley and Oakley, 1987). It is during
the neonatal period that taste bud size becomes positively
correlated with the number of innervating axons (Krimm
and Hill, 1998). A twofold increase in the number of petro-
sal (IXth nerve) and nodose ganglia neurons was linked to
a developmental excess of BDNF that may have rescued
sensory neurons from PCD (Ringstedt et al., 1999). Post-
natally, gustatory innervation is not only necessary for the
Fig. 6. The four pairs of duration bars indicate the time courses of
p53, Bax, and Caspase-2 immunoexpression in P7 and adult vallate
taste buds. The extent of overlap of the Bax and p53 bars, and of the
Bax and Caspase-2 bars, depicts the temporal overlap in taste cell
immunoexpression, as calculated from the incidence of double label-
ing. For adults the average expression durations (bar lengths) were
calculated as follows from the percentages of cells stained in the
single-staining experiments (Table 1 and Zeng and Oakley, 1999).
With a taste cell life span of 9 days (Takeda, 1979), an average of
11.1% of taste cells should die each day in adults (lower half of the
diagram). Hence, by staining 11% of the taste cells, Caspase-2 expres-
sion should have lasted an average of 24 hours; by staining 11.4% of
the cells, p53 should have lasted 25 hours; and by staining 10.3% of
the cells, Bax should have lasted 22.5 hours. The percentages of cells
stained by p53, or Bax, or Caspase-2 were reliable, as indicated by
close agreement between independent calculations from single- and
double-staining experiments in adults. Specifically, there was less
than a 2% difference in the ratio of Caspase-2 to Bax durations
calculated from the percentages of immunopositive cells in double-
staining experiments (1.10; Table 2), compared with a pair of single-
staining experiments (1.07; Zeng and Oakley, 1999). Similarly, there
was less than a 2% difference in the ratio of p53 to Bax durations
when the ratio was calculated from the percentage of reactive taste
cells in two single- (1.10) vs. one double-staining experiment (1.08;
Zeng and Oakley, 1999). Data for P7: to generate the P7 portion of the
diagram, we assumed the adult values of a 9-day life span and a
22.5-hour Bax duration (see text).
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development of most taste buds (Hosley et al., 1987a,b),
but also appears essential for taste cell competence. Tem-
porary denervation at P3 permanently eliminates the
competence of the subsequently reinnervated vallate epi-
thelium to form taste cells (Oakley, 1993). In the absence
of timely innervation, gustatory precursor cells appar-
ently die or alter their function.
We hypothesized that conditions that increased embry-
onic gustatory innervation should enhance gustatory de-
velopment, since an embryonic reduction in gustatory in-
nervation quantitatively impairs the development of the
gustatory organ (Oakley, 1998; Oakley et al., 1998). In
bax2/2 mice, the perinatal augmentation of taste organ
development is probably a result of the greater innerva-
tion caused by diminished gustatory neuronal PCD. We
also evaluated the contending hypothesis that Bax defi-
ciency directly increased the number of gustatory precur-
sor cells able to survive epithelial PCD. In this alternative
to neural influences, perinatal wild-type mice should have
Bax-positive, dying taste cells at least by the first postna-
tal week when the majority of immature and mature val-
late taste buds arise (Hosley and Oakley, 1987; Oakley et
al., 1991; Cooper and Oakley, 1998). However, within the
wild-type vallate papilla there were no Bax-positive cells
at E15, E17, or P0. Moreover, from P1 to P7, Bax-positive
taste cells were infrequent and were usually differentiated
(elongated) and therefore not the hypothesized dying gus-
tatory precursor cells (present results; Zeng and Oakley,
1999).
It remains possible that a fleeting embryonic burst of
Bax-mediated taste cell death escaped our examination.
However, it is more likely that any PCD of taste cell
precursors was independent of Bax. Accordingly, we sug-
gest that Bax deficiency acted indirectly by sustaining
more gustatory neurons whose trophic support in turn
sustained a larger pool of gustatory precursor cells. It
remains to be determined whether other innervation-
dependent sense organs, like muscle spindles, are also
more abundant in bax2/2 mice.
SUMMARY
By exploiting the taste bud as a quantifiable packet of
simple epithelial cells, we have been able to inquire into
the development of a renewing epithelium. To understand
life and death pathways, one must identify the controlling
factors and elucidate their mechanisms of action. We, and
others, have shown that gustatory innervation is essential
for taste bud development (reviewed in Oakley, 1998;
Liebl et al., 1999; Mistretta et al., 1999; Ringstedt et al.,
1999). By exploiting the increased survival of Bax-
deficient taste neurons, the present study examined the
vallate papilla in a gain-of-innervation model. The close
parallel with multiple demonstrations that link decreased
embryonic innervation to a smaller gustatory epithelium
and fewer taste cells make it likely that the increased
gustatory innervation within the bax2/2 vallate papilla
contributed to an increase in both the papilla’s size and
the number of its taste cells (Oakley et al., 1998).
In contrast to a century of interest in the neural control
of taste bud development, it is only recently that the death
pathway underlying taste cell turnover has been ap-
proached (Zeng and Oakley, 1999). Taste cell apoptotic
morphological breakdown is proposed to involve a set of
three death proteins, p53, Bax, and Caspase-2, acting as
members of the default death pathway. That none of these
factors is required to eliminate taste cells implies redun-
dant death pathways whose combined intricacies may
make the regulation of taste cells more complex during
death than during development.
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Nuñez G, Clarke MF. 1994. The Bcl-2 family of proteins: regulators of cell
death and survival. Trends Cell Biol 4:399–403.
Oakley B. 1993. The gustatory competence of the lingual epithelium re-
quires neonatal innervation. Brain Res Dev Brain Res 72:259–264.
Oakley B. 1998. Taste neurons have multiple inductive roles in mamma-
lian gustatory development. Ann N Y Acad Sci 855:50–57.
Oakley B, LaBelle DE, Riley RA, Wilson K, Li LW. 1991. The rate and locus
of development of rat vallate taste buds. Brain Res Dev Brain Res
58:215–221.
Oakley B, Brandemihl A, Cooper D, Lau D, Lawton A, Zhang C. 1998. The
morphogenesis of mouse vallate gustatory epithelium and taste buds
requires BDNF-dependent taste neurons. Brain Res Dev Brain Res
105:85–96.
Polakowska RR, Piacentini M, Bartlett R, Goldsmith LA, Haake AR. 1994.
Apoptosis in human skin development: morphogenesis, periderm, and
stem cells. Dev Dyn 199:176–188.
Reed JC. 1997. Double identity for proteins of the Bcl-2 family. Nature
387:773–776.
Ringstedt T, Ibanez CF, Nosrat CA. 1999. Role of brain-derived neurotro-
phic factor in target invasion in the gustatory system. J Neurosci
19:3507–3518.
Schmidt T, Körner, K, Karsunky, H, Korsmeyer S, Müller R, Möröy T.
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